By using a reference-beam diffraction data-collection technique, it is possible to directly measure a large number of relative phases of Bragg reflections on an area detector in a typical protein crystallography experiment. The technique, being developed at Cornell, incorporates the principle of three-beam diffraction into the most common method of data collection, i.e., the oscillating-crystal method, and allows recordings of many phase-sensitive three-beam interference profiles simultaneously. Recent advances include a dedicated five-circle diffractometer and new data acquisition and analysis algorithms. Experimental results on a protein crystal are presented and the strategies of using the measured phases for solving crystal structures are discussed.
I. INTRODUCTION
In a typical x-ray crystallography experiment, a large number of Bragg reflections are recorded on an area detector while rotating or oscillating a crystal specimen. The intensity recorded for each reflection depends only on the magnitude of its structure factor, but not on its phase, which is also needed to determine the atomic positions in a crystal. This is the fundamental phase problem in diffraction and its general solution remains to be an active area of research.
Recently a phase-sensitive reference-beam diffraction ͑RBD͒ technique has been developed that has the potential to provide a practical solution to the phase problem in crystallography. [1] [2] [3] The technique is based on the principle of three-beam diffraction, which has been known to contain structural phase information. 4 -13 In the past, three-beam intensity profiles were measured one at a time, 13 which is very inefficient and time-consuming. The new RBD method, on the other hand, incorporates the principle of three-beam diffraction into the most common data collection technique in crystallography, the oscillating crystal method, and allows a parallel collection of many three-beam interference profiles. It provides an easy way to measure the relative phases of a large number of Bragg reflections in a time period that is similar to that required by existing crystallographic techniques such as multiple-wavelength anomalous diffraction. 14 As illustrated in Fig. 1 , the RBD technique is a simple conceptual modification 1 to the conventional oscillation camera setup. Instead of perpendicular to the incident beam, the oscillation axis in RBD is tilted by the Bragg angle G of a strong reference reflection, G, which is aligned to coincide with the oscillation axis . In this geometry reflection G can be kept fully excited during a crystal oscillation. The intensities of all Bragg reflections, H's, recorded on an area detector can then be affected by the G reference wave and thus are sensitive to the relative phases of the reflections involved. Complete reference-beam interference profiles are measured by taking multiple oscillation exposures while stepping angle through the G-reflection rocking curve.
Using an expanded distorted-wave theory, 15, 16 it can be shown that for thin nonabsorbing crystals such as proteins, the diffracted intensity for H as a function of the normalized G-reflection angular parameter G is given by the following compact expression:
͑1͒
where ␦ϭ␣ G ϩ␣ H -G Ϫ␣ H is the so-called triplet phase in crystallography, ͉F H ͉exp(i␣ H ) is the structure factor of H, ϭ͉F H -G /F H ͉ is the structure factor ratio of coupling reflection H-G to primary reflection H, and A is the Pendellösung length defined in conventional two-beam dynamical theory. 17 Equation ͑1͒ provides an easy-to-use analytical expression for reference-beam profile calculations and shows the phase dependence explicitly. It includes both the phase-sensitive interference and the phase-independent intensity terms, and can be used to produce accurate reference-beam interference profiles that are in excellent agreement with full dynamical calculations.
15,16

II. EXPERIMENTAL PROCEDURE
In order to perform RBD experiments in a most efficient way, we have designed and fabricated a compact five-circle diffractometer in a 50°-geometry. As shown in Fig. 2 , the new goniometer consists of two Huber 408 rotation stages forming a ͑, ͒ assembly, which sits on top a Huber 410 stage that acts as the oscillation axis . The purpose of the ͑, ͒ rotations is to make any given reciprocal vector G, if chosen as the reference reflection, parallel to the axis. The ͑, , ͒ setup is mounted on a standard Huber 424 ͑, 2͒ goniometer, which is used to bring the reference reflection into its diffraction condition in the vertical plane. By observing the movement of a centering-pin through a highmagnification telescope, the alignment of the multiple axes on the goniometer was determined to be 50 m peak-to-peak for the ͑, , ͒ axes and about 100 m if the rotation is included.
A typical procedure for a RBD experiment is illustrated by the flow chart in Fig. 3 . When a fresh protein crystal is mounted on the diffractometer, its orientation is usually unknown. The easiest way to determine the crystal orientation is to take an initial oscillation image at a default position ϭ0, then index it using one of the widely distributed crystallography software packages such as MOSFLM. 18 The crystal orientation matrix, obtained during the indexing process, is then used in a ''kappa'' routine to calculate the necessary ͑, ͒ angles in order to bring a chosen reference reflection G onto the oscillation axis . This step of reciprocal-space to angle-space calculation is achieved using a conic-section approach developed by Thorkildsen et al. 19 Once the reference G reflection is brought parallel to the axis, the ͑, 2͒ rotations are used to bring G into its diffraction condition. Its rocking curves are measured at four angles, ϭ0°, 180°, ␥, and ␥ϩ180°͑with ␥ equal or close to 90°͒ in order to check its alignment. If necessary, a ''realign'' procedure is performed to make G parallel to the axis to within ϳ0.02°. It is then ready for reference-beam diffraction data collection.
The RBD data collection is performed using a chargecoupled device ͑CCD͒ through a modified control software developed by Area Detector Systems Corporation ͑ADSC͒.
The modification allows multiple oscillation exposures be taken at different positions on the G-reflection rocking curve for each oscillation interval ⌬. These multiple images are then indexed by MOSFLM and integrated intensities of all recorded Bragg reflections are obtained and scaled using the standard CCP4 package. 18 The end result is a reference-beam interference profile for each reflection, i.e., a series of integrated intensities as a function of rocking angle of the G reflection.
The final step of the RBD data reduction is an automated curve-fitting procedure, where each interference profile is analyzed and fit using the RBD intensity function, Eq. ͑1͒. Four parameters are used for Eq. ͑1͒: background intensity I 0 , center 0 of the G-reflection rocking curve, amplitude p of the RBD interference, and triplet phase ␦. To take into account beam current decay and other experimental factors such as partial recordings of certain reflections, a sloped background is often used. Both the width and the center of the G-rocking curve are known, but we allow 0 to vary within a limited interval to take into account possible small shifts in its peak position due to misalignment.
III. RESULTS AND CONCLUSIONS
We have performed preliminary tests of the RBD experimental setup and procedures described above using unfocused 10 to 11 keV x rays at the bending-magnet C-station of CHESS. We used tetragonal lysozyme crystals mounted in glass capillaries as the test specimens in our experiments. In the measurements we chose Gϭ͑1, 1, Ϫ1͒ as the reference reflection, and all measurements were performed at room temperature. Typical exposure time was 15 s for each oscillation image of ⌬ϭ2°. For each interval, a series of RBD oscillation images were taken at 15-21 -angle positions across the G-reflection rocking curve. A typical range is about 0.05°-0.1°depending on the mosaicity of the crystal.
A data-set with covering a 90°rotation interval has been collected, yielding several thousand RBD profiles with a diffraction resolution to about 2.5 Å. The RBD profiles have been analyzed using the curve-fitting procedure outlined in the last section. Some typical examples of the fits to the experimental data are illustrated in Fig. 4 . We would like to emphasize that all these profiles in Fig. 4 were among those obtained from a single series of oscillation images, with a total of ϳ5 min of x-ray exposure to the protein specimen.
The last two plots in Fig. 4 are two special ones. The one labeled ͑10, Ϫ10, Ϫ4͒ represents a typical profile without any measurable interference effect, in which case our fitting procedure would give rise to a negligible interference amplitude p. The plot labeled ͑1, 1, Ϫ1͒ represents the rocking curve of the reference reflection G, whose intensity was recorded on the same series of images through a small attenuation foil mounted in front of the CCD.
In each plot in Fig. 4 we show both the measured triplet phase ␦, with error bars from the fits, and the value ␦ c calculated from the known structure in the protein data bank.
For the examples shown, the agreements between the measured and the calculated values are very good. Averaging over all profiles in the data-set, a median triplet-phase discrepancy of 54°is obtained. The phase errors may be further reduced by implementing proper rejection criteria that would allow automatic selections of better measured interference profiles. Nonetheless, a mean phase error of 40°-50°may already be good enough for solving small protein structures when used in conjunction with a direct-methods based algorithm as demonstrated by computer simulations by Weeks et al. 20 In addition to the direct-methods approach, other strategies of making use of the measured phases are being explored. One possibility is to take advantage of the unique triplet occurrence pattern in the RBD geometry. For any reflection H recorded on an RBD image, HϩG is its adjacent reflection along direction G next to H. It is obvious that G, H, HϩG form a triplet. Thus if triplet phases along a single column HϩnG (nϭ...,Ϫ2, Ϫ1, 0, 1, 2, ...) are all measured, then a simple recursive method can be devised to deduce all individual structure factor phases from the measured triples once a single individual phase along the column is known.
In summary, we have presented some recent advances in the reference-beam diffraction technique. We believe that once fully developed, the technique may become a practical general solution to the phase problem in crystallography.
FIG. 4. Examples of RBD interference profiles measured in experiments.
Solid curves are fits to the data using Eq. ͑1͒, from which triplet-phase values ␦ ͑in degrees͒ are obtained and compared with the calculated values ␦ c . Vertical scales represent the intensities normalized to the value without the interference effects. The last plot shows the rocking curve of reference reflection Gϭ (1,1,Ϫ1) .
